The contribution of the dorsal nucleus of the lateral lemniscus (DNLL) to binaural responses in the inferior colliculus of the rat was determined for a wide range of interaural time differences (ITDs). Single-unit action potentials were recorded from the inferior colliculus before and after local injection of the excitatory amino acid antagonist kynurenic acid into the DNLL. Binaural properties were determined by manipulating the time difference between paired clicks delivered to the ears ipsilateral and contralateral to the recording site. The probability of an action potential decreased as contralateral stimulation was delayed, relative to ipsilateral stimulation. These data generated a sigmoidal ITD curve for delays between Ϫ1.0 and ϩ1.0 msec. By extending the time intervals beyond 1 msec, it was possible to determine the trailing edge of the inhibition produced by ipsilateral stimulation. The duration of the inhibitory effect varied from cell to cell but lasted as long as 20 msec in some cases. Injection of kynurenic acid into the DNLL contralateral to the recording site reduced the extent of both short (0 -1 msec) and long-lasting (1-20 msec) inhibition in the inferior colliculus. No effect was seen after injections ipsilateral to the recording site. The data demonstrate that the DNLL plays an important role in shaping ITD responses in the inferior colliculus and contributes to both the short and long-lasting inhibition produced by stimulation of the ipsilateral ear.
The contribution of the dorsal nucleus of the lateral lemniscus (DNLL) to binaural responses in the inferior colliculus of the rat was determined for a wide range of interaural time differences (ITDs). Single-unit action potentials were recorded from the inferior colliculus before and after local injection of the excitatory amino acid antagonist kynurenic acid into the DNLL. Binaural properties were determined by manipulating the time difference between paired clicks delivered to the ears ipsilateral and contralateral to the recording site. The probability of an action potential decreased as contralateral stimulation was delayed, relative to ipsilateral stimulation. These data generated a sigmoidal ITD curve for delays between Ϫ1.0 and ϩ1.0 msec. By extending the time intervals beyond 1 msec, it was possible to determine the trailing edge of the inhibition produced by ipsilateral stimulation. The duration of the inhibitory effect varied from cell to cell but lasted as long as 20 msec in some cases. Injection of kynurenic acid into the DNLL contralateral to the recording site reduced the extent of both short (0 -1 msec) and long-lasting (1-20 msec) inhibition in the inferior colliculus. No effect was seen after injections ipsilateral to the recording site. The data demonstrate that the DNLL plays an important role in shaping ITD responses in the inferior colliculus and contributes to both the short and long-lasting inhibition produced by stimulation of the ipsilateral ear.
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The dorsal nucleus of the lateral lemniscus (DNLL) is a binaurally responsive GABAergic nucleus of the auditory midbrain with prominent projections to both the ipsilateral and contralateral central nucleus of the inferior colliculus and the contralateral DNLL (Brugge et al., 1970; Beyerl, 1978; Adams, 1979; BrunsoBechtold et al., 1981; Kudo, 1981; Zook and Casseday, 1982; Adams and Mugnaini, 1984; Tanaka et al., 1985; Thompson et al., 1985; Coleman and Clerici, 1987; Moore and Moore, 1987; Roberts and Ribak, 1987; Ross et al., 1988; Shneiderman et al., 1988 Shneiderman et al., , 1993 Oliver and Shneiderman, 1989; Shneiderman and Oliver, 1989; Hutson et al., 1991; Vater et al., 1992; Bajo et al., 1993; Buckthought, 1993; Covey, 1993; Markovitz and Pollak, 1994; Merchán et al., 1994; Winer et al., 1995) . Electrophysiological studies have shown that the DNLL is a source of inhibition affecting binaural responses in the inferior colliculus of the rat. Pharmacological blockade of the DNLL by injection of the glutamate antagonist kynurenic acid (Li and Kelly, 1992b) or other substances (Faingold et al., 1993) alters the binaural characteristics of neurons in the contralateral inferior colliculus. Specifically, the binaural inhibition produced by varying the interaural intensity difference (IID) of tones delivered simultaneously to the two ears is reduced by injection of antagonists into the DNLL contralateral to the recording site.
The binaural neurons in the inferior colliculus of the rat are also sensitive to interaural time differences (ITDs). Although most neurons in the inferior colliculus of the rat are insensitive to ongoing binaural phase differences , they are nevertheless very sensitive to the time differences between transients delivered to the two ears. Binaural time sensitivity has been demonstrated previously for neurons in the auditory cortex of the rat by using clicks rather than tone bursts to elicit single-unit responses (Kelly and Phillips, 1991) , and Glenn and Kelly (1992) have shown that unilateral kainic acid lesions of DNLL alter ITD curves derived from surface-evoked potentials in the contralateral auditory cortex. However, so far there have been no systematic studies of the influence of DNLL on ITD sensitivity of neurons in the inferior colliculus. The main purpose of the present study was to determine the contribution of DNLL to the ITD sensitivity of single neurons in the inferior colliculus of the rat.
Of particular interest for the study of ITD sensitivity is the presence of inhibition in the inferior colliculus that persists for many milliseconds after the initiating acoustic stimulus. It has been suggested that this inhibition originates in the DNLL and might be related to the perceptual suppression of echo (Carney and Yin, 1989; Yang and Pollak, 1994 a,b; Yin, 1994; Fitzpatrick et al., 1995) . One objective of the present study was to examine the possible contribution of the DNLL to long-lasting inhibition in the inferior colliculus of the rat.
We have determined the effects of pharmacological blockade of DNLL on responses in inferior colliculus to both short and long ITD intervals. Data were obtained before and after kynurenic acid injections into the ipsilateral or contralateral DNLL.
MATERIALS AND METHODS
Physiological procedures. Electrophysiological experiments were conducted on 24 male Wistar albino rats (250 -500 gm) purchased from Charles River (St. Constant, Quebec). The animals initially were anesthetized with sodium pentobarbital (60 mg/kg, i.p.) to induce surgical anesthesia. Then they were maintained in an areflexive state during the recording sessions by supplemental injections of Equithesin [0.5 ml/kg; see Li and Kelly (1992a) or Sally and Kelly (1992) for preparation]. Before surgery, the auditory canal was inspected with an otoscope and found to be free of obstruction. The animals were placed in a head holder that left the external meatus open for subsequent insertion of earphone drivers. A midline incision was made in the scalp, and the tissue was retracted laterally to expose the skull. Small craniotomies were made to allow insertion of recording and injection pipettes into the inferior colliculus and the DNLL, respectively.
Coordinates for positioning the recording and injection pipettes were referenced from lambda with the skull flat (Paxinos and Watson, 1986) . For placements in DNLL, the pipette was tilted 30Њ against the sagittal plane and lowered into the brain from a point 6.7 mm lateral and 0.4 -0.5 mm rostral to lambda. The pipette was lowered to a depth of 7.8 mm, and its position was adjusted to obtain physiological responses from DNLL. The injection pipette itself served as a recording electrode to monitor the neural activity in DNLL, as described previously by Li and Kelly (1992b) , and the position of the pipette could be fine-tuned to give the best acoustically driven response. Also, the blocking effect of the kynurenic acid on neural responses in DNLL could be monitored directly during and after the injection.
The injection pipettes were pulled from single-barrel glass tubing [1.0 mm outer diameter (o.d.), 0.5 mm inner diameter (i.d.); Sutter Instruments, Novato, CA] to a tip diameter of 20 -40 m. The pipettes were backfilled with 2 mM kynurenic acid in Locke's solution, and a tungsten wire was inserted into the solution to provide contact for electrical recordings. Pipettes were connected by a length of flexible tubing to a 5 ml syringe for pressure injections. The volume of the injection (2.0 -2.5 l) was controlled by monitoring the progression of the solution along the length of the injection pipette and stopping the flow by releasing the pressure through a three-way stopcock.
Recording pipettes were inserted into the inferior colliculus either obliquely (30Њ against the sagittal plane) or vertically, following stereotaxic coordinates. For oblique penetrations, the pipette was positioned 0.4 mm rostral and 4 mm lateral to lambda and lowered to a depth of at least 5 mm. For vertical penetrations the pipette was positioned 0.4 mm rostral and 2.0 mm lateral to lambda and was lowered to a depth of 3.0 -5.0 mm. In either case the pipette position was adjusted to obtain short latency accoustically driven responses that exhibited narrow band frequency tuning and a clearly defined characteristic frequency (CF). The CF of neurons in the inferior colliculus showed a progressive low-to-high frequency gradient as the recording pipette was lowered dorsoventrally through the central nucleus. Histological reconstructions confirmed the location of electrode placements in the central nucleus of the inferior colliculus.
Recording pipettes were pulled from single-barrel glass tubing (1.0 mm o.d., 0.5 mm i.d.; Sutter) to a tip diameter of ϳ2 m. They were backfilled with Locke's solution (1.5-2.5 M⍀) and connected to recording equipment via an insulated tungsten electrode. Physiological potentials were amplified by Dagan EX4-400 amplifiers, displayed on oscilloscopes, and monitored acoustically by a loudspeaker. Neural responses were digitized and processed by MALab 881, a data acquisition system designed and produced by Steve Kaiser, Department of Neurobiology, University of California, Irvine (Kaiser Instruments) for use with Macintosh computers (in our case, a Quadra 700). The program provided a digital window discriminator for selection of action potentials and displayed poststimulus time histograms and other data on-line. Physiological responses were stored on optical disk and processed later with standard database and graphics software.
Stimulus parameters. Sounds were presented separately to the two ears through headphone drivers (Pioneer SE-50D) mounted in sealed housings that were fitted to hollow couplers inserted into the external meatus of the rat. Sounds were generated digitally by a Kaiser Instruments DA interface controlled by MALab 881 to produce either tone pulses (100 msec with 10 msec rise and fall times) or clicks (50 sec square waves). The clicks had a broad spectrum from 0.1 to 25 kHz, essentially flat up to 4.0 kHz and rolling off at higher frequencies. The sound pressure of tone pulses was referenced to a threshold of a cell at CF, and the sound pressure of clicks was calibrated in decibels of sound pressure level (SPL; re 0.0002 dynes/cm 2 ) by using a 1/2 inch B&K microphone with the headphone speculum inserted into an enclosed cavity. For most experiments the SPL of clicks delivered to either ear was set at 20 dB above the threshold for eliciting a response by monaural stimulation of the contralateral ear.
All recordings were obtained from well isolated single units defined by the presence of action potentials of constant amplitude and waveform. Before investigating responses to binaural time differences, we examined the neural response to tone pulses. First, the characteristic frequency (CF, the frequency to which a neuron responded at the lowest SPL) was determined with monaural stimulation of the contralateral ear. Then the binaural response pattern to tonal stimulation was determined by setting the contralateral stimulus level at 20 dB above threshold and presenting ipsilateral tone pulses simultaneously in steps of increasing intensity. In some cases, both ipsilateral and contralateral stimulation produced excitation, and combined stimulation resulted in facilitation. The vast majority of cells, however, showed binaural suppression, i.e., the contralateral response was strongly inhibited by simultaneous ipsilateral stimulation. In some cases a slight facilitation occurred at low levels of ipsilateral stimulation, but strong response suppression was seen as the ipsilateral level was increased. Both types of binaural suppression are referred to here as EI (excitatory-inhibitory) responses Li and Kelly, 1992b) . The present report is based exclusively on neurons with EI binaural response patterns.
After responses to tone bursts had been recorded, the neurons were tested with clicks to determine their response to binaural time differences. The clicks were delivered to the ears at various interaural time intervals, with each interval repeated 30 times at a rate of 1/sec. Initially we focused our attention on intervals between Ϫ1.0 and ϩ1.0 msec, a range that spans the interaural differences produced by a single sound source located at various free-field positions in the azimuthal plane. We then investigated much larger time intervals from Ϫ1.0 to ϩ30.0 msec to determine the persistence of inhibition produced by stimulation of the ipsilateral ear. For each neuron the same range of binaural time intervals was explored before and after injection of kynurenic acid into the DNLL.
Four animals (6 neurons) were used to provide normative data on the effects of varying the intensity as well as the timing of ipsilateral stimulation. In these cases, both short and long ITD intervals were presented with the ipsilateral sound pressure set at different levels. The purpose of these experiments was to determine the extent to which ITD sensitivity was affected by ipsilateral level. All experiments with kynurenic acid injections into DNLL, however, were done with the ipsilateral and contralateral levels equal and invariant.
Histology. After completion of a recording session, a solution of brilliant blue G (0.25% in distilled water) was added to both the recording and the injection pipettes while they were still in position in the brain. Then the dye was ejected from the pipette tip iontophoretically by applying negative current (8 -10 A, 20 -30 min) to provide a visible marker for histological verification of recording and injection sites. In preparation for histology, the animals were given a large injection of sodium pentobarbital (120 mg/kg, i.p.) and perfused transcardially with 0.1 M PBS, followed by 10% formalin. The brains were removed, stored in a 20% sucrose/10% formalin solution, and cut serially at 40 m in the frontal plane on a freezing microtome. The location of pipette tracks and dye deposition at the pipette tips was determined microscopically from unstained sections.
All data presented here were obtained from cases in which the injection pipette was directly in DNLL and the recording pipette was in the central nucleus of the inferior colliculus.
RESULTS

Normal response
The effects of ITD were determined for 27 single neurons in the inferior colliculus of the rat. Data for three typical neurons are presented in Figure 1 to illustrate the effects of ipsilateral stimulation on short and long ITDs. Several general points emerge from these examples. First, virtually every EI neuron tested was sensitive to binaural time differences, regardless of its CF. Although most neurons in the inferior colliculus of the rat have CFs above 1.0 kHz and are completely insensitive to ongoing phase differences, they are nevertheless highly sensitive to the time differences between transients such as clicks. For each of the neurons shown here with CFs of 3.10, 9.18, and 15.40 kHz, the number of action potentials over 30 trials dropped systematically as the contralateral stimulus was delayed, relative to the ipsilateral stimulus. The strength of ipsilateral inhibition increased monotonically over the range of ITDs from Ϫ1.0 to ϩ1.0 msec. The strength and time course of ipsilateral inhibition were also affected by the intensity of ipsilateral stimulation. Lowering ipsilateral sound pressure invariably reduced the inhibitory effect. For some neurons, ipsilateral inhibition was near saturation at equal sound pressure of the clicks presented to the two ears. For others, the strength of inhibition increased further with an additional increase in the level of ipsilateral stimulation. The time interval of maximum sensitivity as defined by the slope of the ITD curve varied somewhat from cell to cell. For example, the cells illustrated in Figure 1 A-C were most sensitive at approximately ϩ0.5, Ϫ0.5, and 0.0 msec, respectively.
The long-lasting inhibition produced by ipsilateral stimulation is shown for the same three cells in the bottom panels of Figure  1 A-C. Data are plotted over an ITD range from Ϫ1.0 to 30 msec, with positive values referring to an ipsilateral-leadingcontralateral click order. Each of these neurons showed evidence of long-lasting inhibition, regardless of CF. However, the time course of the inhibition was different from cell to cell. The inhibitory effect lasted 10, 15, and up to 20 msec for the cells illustrated in Figure 1 A-C, respectively. The extent of inhibition and the length of the inhibitory period were greatly affected by the intensity of the ipsilateral stimulus. The extent of inhibition was reduced as the ipsilateral intensity was lowered. It should be pointed out that we found no systematic relation between the length of the inhibitory period and the CF of the neuron. Inhibitory periods as long as 20 msec or as short as 5 or 10 msec were found routinely in neurons with either high or low CFs.
Kynurenic acid injections
The effect of injecting kynurenic acid into the contralateral DNLL was determined for 17 inferior colliculus neurons. Results are illustrated in Figure 2 for the response of four neurons to short ITDs. In each of the four cases, kynurenic acid injection resulted in a release from the inhibition produced by stimulation of the ipsilateral ear, and ITD sensitivity curves were affected over the range of ϩ1.0 to Ϫ1.0 msec. In two cases (cells B and D), ITD curves were reexamined 1 hr after injection of kynurenic acid. The strength of inhibition and the shape of the ITD curve returned to normal after this recovery period. Thus, the pharmacological blockade of neural activity in DNLL produced a reversible reduction in the inhibition associated with ipsilateral stimulation and altered the ITD sensitivity of neurons in the contralateral inferior colliculus.
Data were obtained from eight neurons for both short and long ITD intervals. The results of these experiments are summarized in Figure 3 for six representative cells. The data for short ITD intervals between Ϫ1.0 and ϩ1.0 msec (except in D) are plotted in the top panels, and those for longer ITD intervals between Ϫ1.0 and 20 -30 msec are plotted in the bottom panels for each of these cells. With short ITDs, injection of kynurenic acid into the DNLL contralateral to the recording site had a pronounced effect on the response of the cell. For each neuron there was a release from the inhibition produced by stimulation of the ipsilateral ear. For one case (illustrated in C), complete recovery of the ITD curve was demonstrated after a postinjection period of ϳ1 hr.
For each of these neurons, the injection of kynurenic acid into DNLL also affected responses to longer ITD intervals. Before injection the neurons exhibited ipsilaterally induced inhibitory periods that lasted 5-10 msec in the case of cells A and B, 15-20 msec in cell C, and Ͼ20 msec in the case of cells D-F. After the DNLL injection, the strength of this long-lasting inhibition was reduced throughout the entire ITD period. These data show that neural activity in the contralateral DNLL is important for the expression in inferior colliculus of longlasting inhibition associated with stimulation of the ipsilateral ear.
Injections ipsilateral to the recording site had no effect on binaural responses in the inferior colliculus. Two examples are shown in Figure 4 for neurons tested with equal sound pressure in the two ears (IID ϭ 0 dB). One cell, with a CF of 5.50 kHz, was sensitive to small ITDs between 0.0 and 1.0 msec and exhibited a long-lasting inhibition with ipsilateral lead times up to ϳ8 msec. Kynurenic acid injection into the ipsilateral DNLL had no effect on the response of the cell to either short or long ITD intervals. The other cell, with a CF of 12.2 kHz, was sensitive to ITDs between Ϫ0.1 and 0.4 and exhibited a prolonged inhibition with ipsilateral lead times up to 30 msec. In this cell, also, there was no obvious effect of kynurenic acid injection on either short-or long-duration inhibition.
The effects of both ipsilateral and contralateral DNLL injections on long-lasting inhibition were examined in a single animal by recording simultaneously from neurons in the left and right inferior colliculus (CF ϭ 12.58 and 5.80 kHz, respectively). The data are shown in Figure 5 for ITDs between Ϫ1.0 and 20 msec. Before DNLL injections, both neurons exhibited a pronounced inhibition at ipsilateral lead times up to 20 msec. After injection of kynurenic acid into the left DNLL, the long-lasting inhibition in the right (contralateral) inferior colliculus was greatly reduced but inhibition over the corresponding ITD period in the left inferior colliculus was unaffected. After these data had been obtained, a second injection of kynurenic acid was made into the right DNLL. The interval between the first and second injection was ϳ10 min, insufficient for recovery to take place. Thus, the effect of the second injection was cumulative with the first. After the second injection there was a release from long-lasting inhibition of the neuron in the left (contralateral) inferior colliculus, but no additional effect was seen on the response of the neuron in the right inferior colliculus.
DISCUSSION
The results of this study show that binaural neurons in the inferior colliculus of the rat are sensitive to ITDs over the range of Ϫ1.0 to ϩ1.0 msec. For EI neurons, which constitute by far the largest population of acoustically responsive cells in the central nucleus of the inferior colliculus of the rat (Flammino and Clopton, 1975; Silverman and Clopton, 1977; , monaural stimulation of the contralateral ear excites and simultaneous stimulation of the ipsilateral ear strongly inhibits the production of action potentials. With transient stimuli (clicks), binaural time differences that favor the contralateral ear (contralateral-leadingipsilateral stimulation) result in a high probability of responding, a single action potential being evoked for every stimulus presented under the conditions of the present study. As the binaural time difference is shifted in favor of the ipsilateral ear, however, the response probability progressively drops to values near zero. The dynamic portion of the ITD curve is usually centered ϳ0 sec, although in some cases it is shifted to values above or below zero. The mean dynamic range of inferior colliculus neurons, as estimated from the 90 and 10% points on the ITD curve, with equal levels of stimulation in the two ears was 0.57 msec, which compares favorably with 0.59 msec for primary auditory cortical neurons recorded previously in rats under similar experimental conditions (Kelly and Phillips, 1991) .
The dynamic range of ITD curves for most neurons in the inferior colliculus of the rat is considerably larger than the binaural time differences associated with single sounds presented in the free field. The adult rat's head has an interaural distance of ϳ3.0 cm. Based on a spherical model for calculating ITD, the maximum time difference generated by a sound located on the left or right would be Ϯ 130 sec, although predictions based on the shortest path across the rat's head yield a somewhat smaller value (116 sec). Therefore, only a relatively small portion of the dynamic range could possibly be used for encoding sound source position (see Kelly and Phillips, 1991) . Nevertheless, given that ITDsensitive neurons respond differently to sounds located on the left or right of midline, it is likely that they make some contribution to the localization of acoustic signals containing transient components. Also, binaural sensitivity in the millisecond range may be an important factor in processing latency shifts that arise from IIDs associated with lateralized sound sources (Pollak, 1988; Irvine, 1992) .
The injection of kynurenic acid into DNLL clearly alters the ITD sensitivity of neurons in the contralateral inferior colliculus. There is a release from inhibition at every ITD value for which stimulation of the ipsilateral ear produces response suppression. Thus, the dynamic range of ITD curves is compromised, and the sensitivity to binaural time differences is reduced. This result is consistent with our previous investigation of the effects of unilateral kainic acid lesions in DNLL on ITD sensitivity of neurons in the contralateral auditory cortex as reflected by the amplitude of evoked potentials recorded with gross electrodes from the cortical surface (Glenn and Kelly, 1992) . The results also support our previous study of the effects of kynurenic acid injections into DNLL on the interaural level sensitivity of single neurons in the inferior colliculus of the rat (Li and Kelly, 1992b ). Li's study showed that pharmacological blockade of the excitatory synapses in DNLL resulted in an alteration of IID curves obtained from neurons in the contralateral, but not ipsilateral, inferior colliculus. Binaural responses were elicited by paired tone pulses delivered simultaneously to the two ears. After kynurenic acid injection, there was a marked release from the inhibition normally produced by stimulation of the ear ipsilateral to the recording site. Indeed, the Li and Kelly experiment can been viewed as a special case of binaural stimulation with the ITD equal to zero, and the results of both IID and ITD studies can be taken to show that the DNLL contributes to the binaural response of neurons in the contralateral central nucleus of the inferior colliculus.
The disruptive effect on either ITDs or IIDs of injecting kynurenic acid into DNLL suggests that the contralateral projection of this lemniscal nucleus might contribute to sound localization by refining the physiological responses to binaural cues. This expectation has been confirmed by two recent studies of azimuthal sound localization by rats after destruction of the DNLL or its efferent projections. Unilateral or bilateral kainic acid lesions of the DNLL or surgical transection of the commissure of Probst, its exclusive pathway to the contralateral inferior colliculus, DNLL, and other brainstem structures, results in an impairment in sound localization and a degradation in auditory spatial acuity for midline discrimination (Ito et al., 1996; Kelly et al., 1996) . Behavioral deficits likely are attributable to abnormalities in processing IIDs, ITDs, or a combination of both.
Intervals Ͼ1.0 msec are clearly beyond the range of ITDs that can serve as cues for sound localization by rats or other mammals, even species with relatively large interaural distances (e.g., the maximum ITD for humans is ϳ0.6 msec). Nevertheless, stimulation of the ipsilateral ear in rats produces an inhibition of responses in the inferior colliculus that lasts from 5 to Ͼ20 msec, depending on the neuron from which recordings are made (present study). A similar long-lasting inhibition has been reported for neurons in the inferior colliculus of cats and rabbits (Carney and Yin, 1989; Yin, 1994; Fitzpatrick et al., 1995) . The present study has shown that the long-lasting inhibition in the inferior colliculus is dependent, at least in part, on synaptic excitation in the contralateral DNLL. Injection of kynurenic acid into DNLL results in a pronounced release from the long-lasting inhibition that is induced by stimulation of the ear ipsilateral to the recording site. The effect is evident over the entire length of the inhibitory period, whether the period lasts 5 or Ͼ20 msec. Generalizing from our observations on rats, it seems likely that the DNLL also contributes to the long-lasting inhibition in the inferior colliculus of cats and rabbits, as suggested previously by Carney and Yin (1989) , Yin (1994), and Fitzpatrick et al. (1995) . Also, the results of brain slice studies by Wu and Kelly (1996) and Fu et al. (1996) suggest that an extended NMDA receptormediated excitatory process in DNLL plays a role in shaping the long-lasting inhibition seen in the inferior colliculus or other structures receiving projections from DNLL. In the brain slice preparation, electrical stimulation of the lateral lemniscus elicits both rapid and sustained excitatory responses that can be blocked by non-NMDA and NMDA antagonists, respectively. The sustained excitation of DNLL neurons would be expected to exert a sustained inhibition on target neurons, provided that the excitatory potentials reached spike threshold.
The functional significance of long-lasting inhibition has not yet been determined by appropriate behavioral studies. However, several investigators have suggested that it might provide a neural substrate for echo suppression, a perceptual phenomenon known as the "precedence effect" in sound localization (Carney and Yin, 1989; Yin, 1994; Fitzpatrick et al., 1995) . A similar suggestion has been made regarding long-lasting suppression of neural responses in the DNLL of the mustache bat (Yang and Pollak, 1994 a,b) . The time course of the inhibition in inferior colliculus is similar to the time course of the "precedence effect" in both humans and rats (Kelly, 1974) . Thus, one possible function of the DNLL might be to suppress neural responses that are associated with multiple sounds (echoes) occurring at delay times between 1 and 20 msec. It should be noted that the echo suppression hypothesis is not incompatible with the suggestion that the DNLL sharpens binaural responses and refines spatial perception of single sound sources by contralateral inhibitory projections that pass through the commissure of Probst (Li and Kelly, 1992b; Ito et al., 1996; Kelly et al., 1996) . Blockade of activity in DNLL clearly disrupts both IID and ITD curves in the contralateral inferior colliculus and reduces both short-and long-lasting inhibition produced by stimulation of the ipsilateral ear. The contribution of DNLL to ITD and IID sensitivity is probably important for the localization of single sound sources, whereas the effect of DNLL on longlasting inhibition is more likely to affect the perception of multiple sound sources or reflected sounds (echoes).
In conclusion, the results of our experiment show for the first time that the DNLL plays an active role in shaping the responses of neurons in the central nucleus of the inferior colliculus to interaural time differences. Local injection of kynurenic acid into the contralateral DNLL alters the ITD sensitivity curves of neurons located in the inferior colliculus and greatly reduces the binaural inhibition produced by stimulation of the ipsilateral ear. The release from inhibition is apparent for both short (0 -1 msec) and long (1-20 msec) ITD intervals.
